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Abstract 
Slamming pressure assessment is an important topic for shell plating and stiffener design of bow flare. In this study, the pressure 
distribution  on the bottom plating of an high speed planning craft is evaluated through measurements of the impact pressures on 
scale model running in regular waves.  
The planing hull model, monohedral hard chine built with clear bottom and deck, in order to allow the visual inspection of the 
fluid flow and the exact points of impact has been extensively studied as reported in previous works. 
From the time histories of vertical motions (heave and pitch) and bow acceleration of the model measured in “standard” 
seakeeping tests, preliminary assessment of the slamming impact pressure according to Zhao and Faltinsen method is performed. 
The experimental campaign presented in this paper is focused on the pressure field assessment in nine points of the hull bottom 
surface running at four velocities and two regular waves. Results analysis in time and frequency domain is given, identifying the 
pressure distribution along the bottom panel. Furthermore, comparison of measured, analytical and normative values has been 
performed. From the cross-correlation of measured responses further comments and indications for future work has been 
withdrawn. The reported results provide an useful data set for all transportation-engineering systems under dynamic load. 
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1. Introduction 
In this paper, an analytical and experimental study about the water impact of a high speed planing vessel is 
reported.  
Slamming is a two-node vibration of the ship, assumed as a beam, caused by suddenly pushing the ship by the 
waves. This occurs when the bow of the ship comes completely out of the water and then ”crashes down” with an 
impact against the next wave. Slamming influences the local pressures on the hull plating and a local damage can be 
the result. The impulse nature of the impact also causes internal vibrations which can contribute to structural fatigue 
in the ship. A complete prediction of slamming phenomena is a very complex task, it is affected by the local hull 
section shape, the relative velocity between ship and wave at impact, the relative angle between the keel and the 
water surface, the local flexibility of the ship’s bottom plating and the overall flexibility of the ship structure. 
Furthermore, the slamming phenomenon is quite different for a high speed planing craft, where the impact on the 
water is periodic, and for low speed vessels, where the slamming is a rare event and it could be studied also through 
a probabilistic approach. 
Different analytical and numerical methods are based on the von Karman [1] and Wagner's methods [2] where the 
problem is simplified to the water entry of a two-dimensional wedge section of a hull. 
In von Karman's impact model [1], the water surface elevation and gravity are neglected and the added mass of 
the cylinder is approximated as one half the added mass of a flat plate of length equal to the cylinder and width equal 
to the that of the cylinder in the plane of the undisturbed free surface. This assumption is incorrect for bodies with 
deadrise angles below 45 degrees. Wagner further developed von Karman’s theory by accounting for the local uprise 
of the water and he included the effects of the wave that was generated by the impacting body in the added mass 
calculation. The asymptotic assumptions advanced by Wagner are included in most current hydrodynamics impact 
models. Mei et al. [3] presented generalized Wagner’s method using conformal mapping of ships, like sections 
aimed to practical use for slamming assessment. He reviewed solutions from von Karman, Wagner and Pierson for 
splashing up coefficient and for slamming force prediction. Zhao and Faltinsen [4] presented a simplification of the 
more exact solution of the water entry problem. This method shows how the pressure distribution becomes 
pronouncedly peaked an concentrated close to the spray root, when dead-rise angle  < 20. A smaller  may 
have an important effect on slamming loads on a bow flare section. The maximum pressure occurs at the apex (or 
keel) when β > 45°.  
There are also many experimental set-ups for slamming load determination according to the studied ship and aims 
of campaigns. 
Lee and Wilson [5] and Manganelli [6] performed measurements using system named "Slam Patch” and pressure 
transducers to assess the hydro-impact pressure and/or the local structure's response. The measurement systems are 
installed on a 1/7-scale model of an Open 60 yacht. Modal, rotational drop and seakeeping-slamming tests are 
carried out. The measured hydro-impact pressure is processed statistically. 
Battley [7] performed measurements of transient strains, local acceleration and pressure are undertaken on the 
IMOCA Open 60' class sailing yacht, and on a replica hull panel section tested in a laboratory slam testing facility.  
The testing facility used, Servo-hydraulic Slam Testing System (SSTS) is custom designed and developed by the 
University of Auckland and utilizes a sophisticated high-speed servo-hydraulic system to control the motion of a 
panel structure during impact with water. 
Ciappi [8] and Carcaterra [9] presented a theoretical/experimental analysis concerning the response of an elastic 
system carried on board a wedge-shaped body impacting the water surface. Garme [10, 11] describes an 
experimental study with the major aim to get a detailed picture of the pressure distribution acting on a planning craft 
at high speed through calm water and waves. 
During a design procedure of planing hull, to determine the hydrodynamic loads, formulae given Classification 
Societies are usually adopted taking into account the advancing speed powered two, section longitudinal position, 
trim angle, displacement, waterline length, beam and empirical factor according to the design sea state. 
In this work, the hydrodynamic load acting on the planing hull has been studied taking as parameters effect of the 
trim angle and of the forward speed for hull advancing in regular waves. On the bottom of monohedral hull with 
constant deadrise angle the hydrodynamic pressure was measured at nine positions in order to obtain pressure field 
and compare these results with those from scanting rules and by Zhao and Faltinsen method. 
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2. Seakeeping tests with pressure measurement 
From a series of seakeeping tests from Begovic et al. [12] the resonant wave frequency is identified and it has 
been chosen as the first test parameter. Four model velocities have been identified to cover all operating speed range. 
From the tests in calm water [13] the line of flow separation is identified and bottom area to install the pressure 
sensors have been identified. Measured responses are: encounter wave, heave and pitch at centre of gravity, vertical 
accelerations in two points (centre of gravity and bow) and pressures at nine positions. 
2.1. Seakeeping tests set up 
All experiments are performed in the towing tank (135m x 9m x 4.2m) of DII, University of Naples Federico II 
with maximum towing carriage speed of 10 m/s. The tank is equipped with a multi-flap wave maker by Edinburgh 
Design. The hull model is a monohedral hard chine V bottom, from [13], built with clear bottom and deck in order 
to allow the visual inspection of the wetted surface before and after the slamming impact. It is connected to carriage 
by measuring instrument R47 which allows model to heave and pitch, but restrict it to surge, sway, roll and yaw. 
The main characteristics of the model are reported in Table 1 




Length over all Loa 1.9 m 
Length a-b Lab 1.5 m 
Breadth B 0.424 m 
Immersion T 0.096 m 
Ship Displacement D 32.66 kg 
Longitudinal position of 
gravity centre from stern 
LCG 0.73 m 
Vertical position of gravity 
centre from keel 
VCG 0.145 m 
Deadrise angle β 16.7 ° 
 
The model is ballasted to achieve a weight of 32.66 kg and trimmed to 1.66 degree. Towing force, directed 
horizontal to the calm water level, is applied to the model at deck level (0.18 m from baseline) and at 0.535 m from 
after perpendicular AP (28.2 % Loa). The measurements of pitch angle and heave amplitude are taken through R47 
instrument. Two accelerometers Cross Bow CXL04GP3-R-AL are mounted at model, one at CG position and 
another one at 1.6 m from stern. Encounter wave amplitude is measured by two ultrasonic wave gauges type 
BAUMER UNDK 301U6103/SI4, one aligned with the R47 and one 3.97 meters in the front of measuring arm. For 
pressure measure the miniature threaded pressure sensors with stainless flush diaphragm EPX are adopted. The 
model set-up is shown in Fig. 1. 
 
Fig. 1: Experimental set-up 
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The time step is about 0.0005 seconds and the sampling frequency is 5000 Hz, this choice is explained below. 
For purpose of this work, different test conditions are considered, reported in Table 2 
In the Fig. 2, the position of the sensors, through the nine threaded holes on the plexiglass bottom are shown. 
 
Fig. 2: Pressure sensor position 
               Table 2: Test conditions for pressure measurements 
   
Wave amplitude  Wave frequency  Model speed  Encounter Frequency  
 [m] [Hz] [m/s] [Hz] 
Test 1-4  0.032  0.65  3.4-4.6-5.75-6.32  1.56-1.91-2.21-2.37  
Test 5-8  0.040  0.65  3.4-4.6-5.75-6.32 1.56-1.91-2.21-2.37   
Test 9-12  0.028  0.65  3.4-4.6-5.75-6.32  1.56-1.91-2.21-2.37 
Test 13-16  0.020  0.8  3.4-4.6-5.75-6.32  2.21-2.44-3.13-3.36  
Test 17-20  0.025  0.8  3.4-4.6-5.75-6.32  2.21-2.44-3.13-3.36  
Test 21-24  0.030  0.8  3.4-4.6-5.75-6.32  2.21-2.44-3.13-3.36  
 
2.2. Experimental results 
The typical time history of the pressure, in the investigated positions, is reported in Figure 3. Nine time hystories 
are reported for the run at model speed 6.32 m/s. Diagrams present groups of three time series for the same 
transversal position at three longitudinal positions. In a first analysis it is possible to observe that non only the 
pressure decrease from keel to side, but its trend in the time domain becomes less regular. 
 
(a) (b) 
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Fig.3: Pressure trend for positions (a) A1 A2 A3, (b) B1 B2 B3 and (c) C1 C2 C3 at model speed 6.32 m/s 
The results of all pressure sensors at one wave frequency are presented as a pressure map in Figure 4 for all four 
model speeds. Assembling all pressure measurements, it is useful to extrapolate the characteristics and the mean 
values of pressure peaks (H1/3, H1/10, Hmean). In order to illustrate the values, the Hmean of pressure peak, in each 
location, is represented in the graphics of Figure 5; it easy to see that the characteristic values of pressure peak 
increase with model speed. 
(a)  
Fig. 3: Pressure map at (a) 3.4, 4.6 m/s and (b) 5.75, 6.32 m/s 
 
Fig. 4: Characteristic values H1/3, H1/10 and Hmax of the pressure peaks, at three longitudinal positions close to CL (A1, A2, A3), in function of 
forward speed 
191 N. Santoro et al. /  Procedia Engineering  88 ( 2014 )  186 – 193 
In this analysis the initial and final transitory part of the signals have been neglected, in order to observe a more 
regular phenomenon. To neglect the lowest frequency phenomena due to initial phase of the glide, an high-pass 
filter with a limit frequency of 1.5 Hz has been applied. Looking at the amplitude of the experimental peaks of 
pressure, it is possible to see that it has a very sharp shape, in particular, the time step of increasing pressure, during 
the impact, is about 0.0005 seconds, this implies that the sampling frequency should be greater than 4000 Hz, to 
describe well this part. 
3. Pressure prediction by Faltinsen and Zhao method 
Parameters characterizing slamming on a rigid body with small dead-rise angles are the position and the value of 
the maximum pressure, the time duration and the spatial extent of high slamming pressures. A semi-empirical 
approach is applied to have a prediction of the hydrodynamic pressure under the hull bottom. Dimensional analysis 
give us the relationship eq.(1) to evaluate the peak of pressure p: 
p = ρCp                            (1) 
ρ is the water density, (t) is the vertical velocity and it is analyzed experimentally through the seakeeping tests, Cp 
is the pressure coefficient which derives from Wagner theory: 
Cpmax = 1+                     (2) 
it is possible to obtain a similar result, for the pressure coefficient, applying the Zhao and Faltinsen study, in 
which also other parameters are presented to characterize the pressure distribution under the hull bottom, as well as 
shown in the following Fig. 6 
 
Fig. 5: Zhao and Faltinsen slamming parameter 
Through the Wagner Theory, it is possible to have a prediction of pressure for any test case. To obtain the z ̇(t) 
value, into equation (1), the discrete derivative of the vertical motions is made. In the following Fig. 7, the pressure 
trend, for the first three different test cases, reported in Table 2, is shown: 
 
 
Fig. 6: Comparison between pressure trend of the three different test cases 
Moreover it is observed that the experimental maximum peak of pressure is quite similar to those predicted by 
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Faltinsen and Zhao modification of Wagner's theory. 
3.1. Results comparison 
A comparison with normative values of the hydrodynamic loads for planing craft (UNI EN ISO 12215) is done. 
In the following Table 3 the way to scale-down the operative conditions is shown using the methodology adopted by 
Lee et al. [5] and Manganelli [6]. 
   Table 3 
Full Scale model Scale Factor Scale model 
Ship characteristics 6.62 Model characteristics 
LS [m] 12.58  LM [m] 1.9 
D[kg] 9460  D	
 32.66 
VS [kn] 31.6  VM [m/s] 6.32 
	
 16.7  	
 16.7 
Fn 1.464  Fn 1.464 
Sea conditions  Regular waves characteristics 
H1/3 [m] 0.42  HW [m] 0.064 
Design Cat. D  fW [Hz] 0.65 
Normative Loads  Scale Normative Loads 
PBMP max S [kPa] 58.7  PBMP max M [kPa] 8.9 
PBMP S [kPa] 26.6   PBMP M [kPa] 4.0 
 
L is the lenght, D is the displacement, V is the forward speed, β the dead-rise angle, Fn the Froude number, H and 
f are the wave height and frequency, the PBMP are the normative values of hydrodynamic pressure and for all 
parameters, the subscripts S and M indicate the Ship (full scale) and Model (scale). From the PBMP max M values 
in Table 3 it is possible to observe it is quite similar to the measured one shown in Figure 4 for the same conditions, 
with about 16% of difference. 
4. Results analysis in the frequency domain 
For all points and for all forward speeds, the Fast Fourier Transform is performed. In the following Fig.8, the 
FFT of hydrodynamic pressure at point A1, A2 and A3 at model speed of 6.32 m/s, is reported on the left side of 
diagram, while on the right side are reported encounter wave amplitude and vertical acceleration FFT. 
 
 
Fig. 7: Pressure FFT for points A1, A2, A3 and FFT of vertical acceleration and encounter wave amplitude at model speed 6.32 m/s 
The frequency range of the analysis is up to 35 Hz because over this frequency the amplitude of the signals is 
about two order of magnitude lower than the amplitude at the main frequency. The pressure FFT diagrams show that 
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this phenomenon of water impact is characterized from various resonance frequencies. This peculiarity is supposed 
to be due to the composition of heave and pitch motions. To have some information about the correlation between 
pressure, vertical acceleration and wave amplitude, a cross-correlation analysis is done (Fig. 9). 
 
Fig. 8: Cross- correlation analysis between pressure, acceleration and wave at point A2 at model speed of 6.32 m/s 
At the first characteristic frequency (the main of the measured wave amplitude) all three signals are well 
correlated. For the higher characteristic frequencies, only acceleration and pressure signals are well correlated, 
because only these two responses have a significant number of higher order harmonics. 
5. Conclusion and future developments 
In this study, the impact on water of a wedge has been studied experimentally, through a bottom pressure 
measurements acting on  a monohedral planing craft, advancing in regular wave, with different forward speeds. The 
phenomenon has been analyzed both in the time and in the frequency domain. The next step will be experimental 
campaign focused on the structural aspects, analyzing the dynamic behaviour of the bottom panels, built in different 
material and thickness, during the periodic water impact. This, will be characterized through an analytical and 
experimental modal analysis of both reduced and full scale models. In this way, the scaling laws, to have a 
relationship between these two kind of phenomena, should be analyzed and verified. 
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